We have used steady-state fluorescence polarization anisotropy (<FPA>) of ethidium probe molecules bound to DNA to investigate DNA-DNA interactions and the effect of high densities of intercalating drugs on the internal motions of DNA responsible for depolarization of the ethidium fluorescence. To calibrate the method, we examined the effect of DNA length on <FPA> using DNA varying in size from 10-150 base pair. The association of "30 base pair DNA at high concentrations was then detected by its effect on <FPA>. With sample concentrations approaching those commonly used in various physical experiments (NMR, Raman) significant DNA-DNA interactions are observed. With high molecular weight DNA O500 base pair), the limiting value of the <FPA> (0.23) is due to internal motions of the DNA (and bound chromophores). The <FPA> of ethidium probe molecules (1 drug/200 base pair) is unaffected by the addition of high levels (1 drug/2 base pair) proflavine. This indicates that either the elastic properties of DNA are unaffected by high densities of intercalated drug or that the depolarization of the ethidium fluorescence is due to highly localized motions of the base pairs that are unperturbed by binding of drugs at neighboring sites.
INTRODUCTION
Fluorescence polarization techniques have been used extensively to probe the properties of DNA and DNA-drug interactions [1] [2] [3] [4] [5] [6] and protein-DNA complexes [7, 8] . Time-resolved fluorescence depolarization measurements have been especially valuable in probing fast (50 ps-100 ns) dynamic processes in DNA and at least three different processes contribute to the depolarization in high molecular weight DNA [1, 3, 5] . Rapid initial decay has been attributed to wobbling of the drug in the intercalation site [2, 3, 5] . Further decay of the fluorescence polarization anisotropy in the 1-50 ns region results primarily from torsional motions of the DNA, and finally, the long time decay arises from bending of the DNA helix [1,3,9,10]. With short DNA (<50 base pair), end-over-end tumbling and spinning of DNA about its long axis also contributes to the depolarization. In this paper, we use the steady-state fluorescence polarization anisotropy, <FPA>, to study (i) DNA-DNA interactions and (ii) the effect of intercalating drugs on local internal motions in DNA and the elastic properties of DNA. To apply <FPA> measurements to these problems, we first examine the effect of helix length and solvent viscosity on the <FPA>. Once these "calibration" measurements were made, <FPA> measurements were used to study the intermolecular association of DNA molecules in concentrated solutions and the effect of high concentrations of a second intercalating drug (proflavine) on the <FPA> of ethidium probe molecules. As a practical matter, we have also used <FPA> to monitor the DNase I digestion of DNA for preparing large quantities of short (10-100 base pair) DNA for these and other physical studies.
MATERIALS AND METHODS
Materials. High molecular weight calf thymus DNA (Type I), DNase I, ethidium bromide, proflavine, and buffer reagents were obtained from Sigma Chemicals Co., and the bis(acridine) spermine was a gift from Dr. William A. Fluorescence Measurements. Steady state fluorescence anisotropy was measured on an Aminco-Bowman SPF-500 spectrofluorometer equipped with rotating sheet polarizers placed in the excitation and emission light path. The four intensity components I , I h , I. , and I. . , where the subscripts refer to the horizontal or vertical positioning of the polarizers in the excitation or emission light path, respectively, were used to calculate the ratio [11] :
The steady-state fluorescence anisotropy is given by [2] :
2+a
Some measurements were also made with a sample holder that allowed direct examination of samples in NMR microcells.
Unless otherwise stated, measurements were performed at 20 C in a buffer containing 0.1 M NaCl, 0.01 M sodium cacodylate at pH 7. For measurements on the ethidium fluorescence, the excitation and emission wavelengths were 520 and 610 nm and the slit widths were set at 5 nm. Typical h experiments were performed using 1.5x10 M in DNA phosphates.
DNA Digestion. A typical reaction mixture consisted of 50 mL of the EB-DNA complex with a DNA concentration of 3.5 mM (in phosphates) and a phosphate-to-dye (P/D) ratio of about 180 in 0.1 M sodium acetate and 5 mM MgCl 2 at pH 5. Before adding enzyme (2 units/mL), the fluorescence anisotropy was measured. Once the enzyme was added, 2 mL of the reaction mixture was transferred into a fluorescence cell and the anisotropy was measured every 5 min. When the appropriate anisotropy was reached, the digestion was quenched by the addition of 12.5 mL of 0.25 M EDTA and cooling. The sample was extracted twice with a buffer saturated phenol to remove the EB and enzyme and then six times with cold ether to remove the phenol. for the various helix lengths (Eqs. (3), (5) and (6)). There is good agreement between the calculated and observed <FPA> only for the shortest 
